In pentaploid dogroses, Rosa section Caninae (2n ¼ 5x ¼ 35), the pollen transmits one basic genome (x ¼ 7) derived from the seven segregating bivalents, whereas the egg transmits four basic genomes (4x ¼ 28) one set derived from the segregation of seven bivalents and three sets of univalent-forming chromosomes. Chromosomes from all five genomes carry 18-5.8-26S nuclear ribosomal DNA (rDNA) sites. This mode of sexual reproduction, known as permanent odd polyploidy, can potentially lead to the independent evolution of rDNA on bivalent-and univalent-forming chromosomes. To test this hypothesis, we analyzed rRNA gene families in pollen and somatic leaf tissue of R. canina, R. rubiginosa and R. dumalis. Six major rRNA gene families (a, b, b 0 g, d and e) were identified based on several highly polymorphic sites in the internal transcribed spacers (ITSs). At least two of the major rRNA gene families were found in each species indicating that rDNAs have not been homogenized across subgenomes. A comparison of ITS1 sequences from leaf and pollen showed differences: the shared b rRNA gene family was more abundant among pollen clones compared to leaf clones and must constitute a major part of the rDNA loci on bivalent-forming chromosomes. The g and d families were underrepresented in pollen genomes and are probably located predominantly (or solely) on the univalents. The results support the hypothesis that pentaploid dogroses inherited a bivalentforming genome from a common proto-canina ancestor, a likely donor of the b rDNA family. Allopolyploidy with distantly related species is likely to have driven evolution of Rosa section Caninae.
Introduction
Within the genus Rosa L., the section Caninae DC forms a large and well-defined group of polyploid taxa (x ¼ 7) known as dogroses. Pentaploids are most common but tetraploids and hexaploids also occur (for review, see Wissemann, 2003) . All dogrose species have the peculiar 'canina meiosis' described more than 80 years ago (Täckholm, 1920) . In pollen meiosis, only seven bivalents are formed, the other chromosomes remain as univalents and are excluded from pollen. Thus, pollen only carries seven chromosomes derived from the segregation of the bivalent-forming chromosomes. In contrast, all the univalents and seven chromosomes from the segregation of the bivalents are included in viable egg cells, which carry 21, 28 or 35 chromosomes depending on the ploidy level of the parent plant. This unusual meiosis can potentially lead to different patterns of evolution of bivalent-and univalent-forming chromosomes if the same chromosomes are always involved in bivalent formation at each meiosis, as we suspect from karyotype analysis . Certainly, the transmission of microsatellite and random amplification of polymorphic DNA (RAPD) markers in interspecific crosses are consistent with that hypothesis (Werlemark and Nybom, 2001; Wissemann, 2002; Nybom et al., 2004 Nybom et al., , 2006 . The absence of extensive pairing between the four genomes inherited through the egg cell was demonstrated in a cytogenetic study of a gynogenetic haploid of R. canina (obtained after pollination with g-irradiated pollen), in which chromosomes at meiosis I in pollen mother cells remained predominantly unpaired .
In most eukaryotes 5S and 18-5.8-26S ribosomal DNA (rDNA) units occur in tandem arrays at one (as in species of section Caninae, Lim et al., 2005) or several rDNA loci per basic genome. Each large rDNA unit contains the 18S, 5.8S and 26S rDNA subunits, the internal transcribed spacers (ITSs) sequences and the intergenic spacer (IGS). The genes are highly conserved even between eukaryotes and prokaryotes, whereas divergence of ITS is sufficient to resolve species relationships within most genera (for reviews see Alvarez and Wendel, 2003; Nieto Feliner and Rossello, 2007) . Of particular interest to evolutionary biologists is the pattern of divergence of the whole rDNA array, which is often influenced by sequence homogenization that functions to replace existing genic units with variants of that unit over time, a process known as concerted evolution (Dover, 1982; Eickbush and Eickbush, 2007) .
The Caninae species, with their unusual asymmetric meiosis, present a unique opportunity to study evolution of repeated sequences with and without chiasmatic recombination at meiosis. In this paper, we asked the following questions: (i) Is there evidence for rDNA homogenization in pentaploid dogroses? (ii) Has concerted evolution homogenized rDNA arrays across all or some genomes? (iii) What is the distribution of rRNA gene families between bivalent and univalent-forming genomes? (iv) Are ITSs on univalent-forming chromosomes less homogenous than those on bivalent-forming chromosomes? To address these questions, we used southern blot hybridization and extensive cloning of ITS repeats in three pentaploid dogroses; R. canina, R. rubiginosa and R. dumalis. We also compared ITS sequence profiles from leaf DNA (containing complete chromosomal sets) and pollen grains thought to contain mainly bivalent-forming genetic material.
Materials and methods

Plant material
Rosa canina (accessions 1051 and 1073), R. rubiginosa (1408 and 0391), R. dumalis (8701), R. sherardii (1402) and R. caesia (504) plants were collected as root suckers in the wild and subsequently grown at Balsgård, South Sweden. Each plant has previously been shown to be pentaploid (2n ¼ 5x ¼ 35) using flow cytometry (Nybom et al., 2004 (Nybom et al., , 2006 . The pollen contains both haploid gametophytic tissue (pollen nuclei) and probably some traces of diploid sporophytic tissue (for example, anther walls). In comparison to the leaf-derived DNA, pollenderived DNA should, however, contain a higher amount of bivalent-forming genetic material and a lower amount of univalent-forming material.
Isolation of genomic DNA Leaf DNA was isolated according to a standard cetyl trimethylammonium bromide (CTAB) method (SaghaiMaroof et al., 1984) following minor modifications described in Fojtova et al. (1998) . The pollen grains were collected in dry weather to avoid absorption of moisture and kept frozen (À20 1C) until use. For isolation of genomic DNA we used B1 g of mature pollen, equivalent to about 10 000 pollen grains, assuming the dry grain weight to be 0.13 mg per pollen grain. The tissue was homogenized in a modified CTAB buffer (1.4% w/v cetylammonium bromide, 0.07 M Tris-HCl, pH 8.0, 1.14 M NaCl and 0.1% 2-mercaptoethanol) with a micropestle (Eppendorf) in a 1.5 ml tube. After the isopropanol precipitation, the crude DNA was treated with RNase-A (40 mg ml À1 ) for 10 min at 37 1C, then with Protease-K (100 mg ml À1 ) for 2 h at 50 1C. Enzymatic treatments were terminated with phenol/chloroform extraction and ethanol precipitation. The final product was dissolved in 10 ml of 10 mM Tris-HCl, pH 8.0 1 mM EDTA (TE) buffer. DNA concentration was estimated at optical density (OD) 260 nm using a Nanodrop spectrophotometer. The total yield varied from 1 to 6 ng DNA.
Southern blot hybridization
For southern blot hybridization, purified DNAs were digested with an excess of restriction enzymes (10 U/mg DNA), separated by gel electrophoresis, and blotted onto nylon membranes (Hybond XL, GE Healthcare; http:// www.gehealthcare.com). We used methylation-insensitive restriction enzymes (RsaI, HinfI, MboI, TaqI and BstNI) to avoid inhibition of enzyme activity due to cytosine methylation. The southern blot hybridization was carried out in a modified Church-Gilbert buffer (Lim et al., 2000) (Kovarik et al., 2005) . The PCR products were purified using a Qiagen column and cloned into a dT vector (pDrive, Qiagen, http://www.qiagen.com/). We also considered the possibility of differential amplification of GC-rich and GC-poor templates (Keller et al., 2006) and included 5% dimethyl sulfoxide (DMSO) in a PCR reaction. We found that DMSO had no effect on the proportion of amplified gene families. Sequencing was carried out by the dideoxy chain-termination method at the BioTEch Vienna, Austria using the 5.8S-REV sequencing primer. The ITS1-5.8S-ITS2 sequences were amplified using 18S-FOR and 26S-REV (5 0 -CTTTTCCTCCGC TTATTGATATGC-3 0 ) primers (Kovarik et al., 2005 ) yielding B1.0-kb products in all species.
Genomic-cleaved amplified restriction polymorphism was used to obtain information on the entire population of PCR products. About 0.5 ng of genomic DNA was used as a template in the PCR. The products were digested with restriction enzymes and subjected to electrophoresis in a 2% agarose gel using methods used in Matyasek et al. (2007) .
Sequence alignment and analysis of nucleotide diversity
The data were assembled in the window of the Wisconsin GCG package software (version 10.3. Accelrys Inc., San Diego, CA, USA). Alignments were carried out using the PILE UP (implemented within the GCG) or the CLUSTAL W at The European Bioinformatics Institute (EMBL-EBI) server. Bootstrap analysis using 500 repetitions was carried out using the PHYLOWIN program (Galtier et al., 1996) . The topology of the phylogenic tree was interpreted as by the following categories of bootstrap support: unsupported (o60%), weakly rDNA evolution in pentaploid dogroses A Kovarik et al supported (60-80%) and strongly supported (80-100%). The genetic distances between individual clones were calculated from a table of pairwise similarities of aligned sequences (OldDistances, GCG package, Accelrys, San Diego, CA, USA). In total, the ITS data sets comprised B200 sequences from three species. The aligned sequences were inspected by eye, and gene families identified based on the polymorphic sites threshold (45%). Gene family frequencies were analyzed using a w 2 -test to determine whether the pollen rRNA gene families differed significantly with those obtained from leaf DNA. Representative sequences of each ITS family were deposited in the EMBL/GenBank under the accession numbers EU168707-EU168711 (ITS1 clones). The ITS1-5.8S-ITS2 clones were deposited under nos. FM164946-FM164950 and FM164423-FM164424.
Fluorescent in situ hybridization Methods followed those described in Lim et al. (2005) . Briefly, the clone pTa71, containing the 18-5.8-26S rDNA unit from Triticum aestivum was labeled with digoxigenin-11-dUTP and hybridized in situ to chromosomes to give an estimated X85% sequence identity. Sites of probe hybridization were detected with fluorescein (FITC)-conjugated antidigoxigenin (Roche Biochemicals, http:// www.roche.com). Chromosomes were counterstained with DAPI (4 0 ,6-diamidino-2-phenylindole).
Results
Southern blot analysis of rRNA gene families To study the occurrence and degree of rDNA homogenization, we used southern blot hybridization of restricted DNA and an ITS1 sequence from R. rubiginosa as a probe. Out of several enzymes tested, only BstNI gave restriction fragment length polymorphism profiles that differed between R.canina, R. rubiginosa, R. dumalis, R. sherardii and R. caesia ( Figure 1 ). In all species, the probe hybridized to a common B500-bp BstNI-band possibly representing a highly conserved rDNA family. In addition, the probe hybridized to several bands in a species-specific manner. For example, a high-molecular-weight band was found in R. canina (weak) and R. rubiginosa (strong), but not in other species. Three species, R. dumalis, R. sherardii and R. caesia, shared a doublet of closely migrating bands. There was no, or minimal, differences in hybridization profiles between the two accessions from each of R. canina and R. rubiginosa. The blot hybridization with DNAs digested with other enzymes (Supplementary Figure S1 ) revealed simple profiles of distinct bands indicating a high homogeneity of dogrose DNAs at restriction sites studied.
Cloning of ITS from somatic leaf genomes
We examined sequence polymorphisms in ITS1 in R. canina, R. rubiginosa and R. dumalis (420 ITS1 sequences per species). ITS1 sequences of dogroses are 262 ± 1 bp long ( Figure 2 ). The length variation was caused by variable numbers of nucleotides in a G-tract close to the 18S subunit. Cloning experiments yielded 94 sequences comprising 24 628 nucleotides. Total alignment matrix revealed 40 polymorphic sites (B15%) reflecting different ribotypes (32) in Canina genomes (Figure 3a , Supplementary Figure S2 ). Most ribotypes were low copy number (present in one or few clones). The meaningful interpretation of these low-frequency polymorphisms would be a mutation noise and polymerase/sequencing errors. However, there were several high-copy polymorphisms (45% of total ITS1 clones) arising from nine mutation hotspots ( Figure 2 , Table 1 ). These hotspots (diagnostic sites) were used to identify major rRNA gene families of Caninae ( Figure 3b , Table 2 ). Seven diagnostic sites overlapped with those previously determined in a genus level study of ITS1 sequences (Ritz et al., 2005) , while another five polymorphic sites detected in that study were not identified as polymorphic in our data sets. Substitutions at diagnostic sites involved both transitions (71%) and transversions (29%), percentages that are similar to those reported previously in other species (Buckler et al., 1997; Zhang et al., 2002) . Most mutations involved C-T and G-A transitions and possibly originated from deamination of methylcytosines. Four out of five transitions occurred in CG dinucleotides known to be a primary target of cytosine methylation in plant genomes (Kovarik et al., 1997) . Two mutation hotspots were located to polymorphic dinucleotide motifs at positions À111/À112 and À137/À138. At these hotspots, the mutation of a first nucleotide was often compensated/associated with a mutation of a nucleotide in the second position possibly maintaining a fixed secondary structure of the primary rRNA transcript (computer models based on RNA thermal stability are shown in Supplementary Figure S3 ). Phylogenetic relationships between the six major families are shown in Figure 4 . One well-supported clade comprised the a, b and b 0 rDNA families. The members of this relatively GC-rich (59%) clade differ (Table 2) of ribotypes occurring at 45% frequency. ITS, internal transcribed spacers. One clone contained A instead of C or T.
rDNA evolution in pentaploid dogroses
A Kovarik et al substitution at position À56. The e family branch was less stable and the sequence (Table 2) suggests that it was derived through recombination between the two primary clades. Currently, it is not known whether the e family is a true endogenous recombinant or whether it arose during PCR reaction as an artifact (Cronn et al. 2002) . Overall divergence within clones of the same family was low (0-0.003), while variation across the families was higher (0.002-0.025). We also included published ITS1 sequences from the database in the alignment. It is evident that the sequences from nondogrose species, R. gallica and R. wichurana, did not form separate branches but were instead embedded within the g, d and e clades. This pattern is consistent with the hypothesis that some ITS families are shared between both dogrose and nondogrose species. In contrast, the R. canina ITS1 family (accession number AJ631923), previously found to be present in all investigated dogroses, but not in any other Rosa species (Ritz et al., 2005) , fell within the b clade. Maximum parsimony analysis (Kimura, 1980) revealed that ITS1 sequences from the different species were frequently intermingled, although each clade was typically populated predominantly with sequences from one species (Supplementary Figure S4) . Thus, most gene families were shared between the species, while some were species-specific (Table 3) , consistent with the southern hybridization profiles. The inclusion of Rubus ITS1 within the tree as an out group resulted in a near loss of resolution of Caninae clades probably due to high divergence of Rubus and Rosa sequences (40.1). We further extended the analysis for ITS2 and amplified B1.0 kb 18S-26S fragment comprising ITS1-5.8S-ITS2 sequences and sequenced five clones from each species. The average GC content of ITS2 was 58%. ITS2 was generally less polymorphic than ITS1; there were three indels, while there were no conserved substitutions found. It appeared that members of a and b families had ITS2 of 208 bp, while the members of g and e families had the ITS2 of 209 bp (Supplementary Figure S5) .
Distribution of ITS1 families in pollen genomes
Pollen grains are thought to contain an increased proportion of chromosome sets derived from the segregation of bivalents only. Comparison of the occurrence and abundance of rDNA families in pollen and in somatic tissues, respectively, has the potential to reveal overall differences in rDNA families occurring on bivalent-and univalent-forming chromosomes. We, 
rDNA evolution in pentaploid dogroses
A Kovarik et al therefore, isolated genomic DNA from pollen and cloned ITS1 subregions from three dogrose species: two accessions of R. canina and R. rubiginosa and one accession of R. dumalis. These data were compared with sequences from leaf material of the same accessions (Tables 1 and 3 In all of these analyses, even those yielding nonsignificant w 2 values, the b clones were most common in the pollen DNA, whereas clones from other families were more common in the leaf DNA.
The limited numbers of sequenced clones (B20 per accession) preclude a definite interpretation of our results, as there are probably thousands of copies of rDNA units in each basic genome. We, therefore, carried out genomic-cleaved amplified restriction polymorphism analysis to obtain a broad overview of rDNA types in the genome. Digestion of R. rubiginosa PCR products with BstNI generated a larger fraction of lower molecular weight fragments in pollen than leaf genomic DNA ( Figure 5 ). As the b family (but not g) contains a conserved BstNI site, we conclude that the b family was overrepresented in pollen DNA, in agreement with sequence analysis. In R. canina, cleavage of leaf ITS1 PCR product yielded four TaqI and TaiI fragments while there were only three in pollen DNA. Thus, leaf DNA seems to contain extra rRNA gene family(s) not found in pollen. Attempts to analyze pollen DNA by southern blot hybridization were unsuccessful due to the difficulties in extracting large amounts of DNA from pollen.
rDNA chromosomal distributions
There are five 18-5.8-26S. rDNA sites in pentaploid R. canina, one per basic genome . Three of these chromosomes have similar-sized rDNA loci and secondary constrictions, two of which are thought to pair at meiosis (Lim et al., 2005) . A fourth locus also has a secondary constriction and is the largest rDNA locus. A fifth locus carries no secondary constriction and is probably silent (Figures 6a and b) . In early pollen grain meiosis (leptotene), the rDNA loci are all associated, frequently visible as two oppressed bundles of arrays (Figure 5c ).
Discussion rDNA families and genome composition of dogroses
On the basis of the transmission of microsatellite and RAPD markers in interspecific crosses, we have recently proposed tentative genomic compositions for five dogrose species (Nybom et al., 2006) . In all of these species, there was one homogenous diploid genome, evidently taking part in bivalent formation and meiotic recombination, and two (in tetraploids) or three (in pentaploids) univalent genomes with variable levels of similarity to one another and to the bivalent-forming genomes. The presence of at least two diverged genomes in each species is supported by our ITS1 data as there are at least two diverged ITS1 families in each species. The b family occurring in all species is virtually identical to the C-type family previously identified by Ritz et al. (2005) . As this C-type family occurs in all dogrose species so far investigated but not in any other taxa, it has been hypothesized to represent a proto-canina type rDNA. In contrast, the g and d families are homologous to ITS1 types found in R. gallica and R. wichurana (Figure 4) . These data support the hypothesis that the dogroses are allopolyploids that arose by repeated interspecies hybridization of a common ancestral proto-canina genome (a donor of the b rDNA family) with donors of diverged g and d families. R. gallica belongs to section Rosa, while R. wichurana belongs to section Synstylae, both of which (Koopman et al., 2008) . Probably, species within these two sections may have been the donors of haploid genome(s) in R. rubiginosa and R. dumalis. The b ITS1 family differed from the g family by six nucleotide substitutions within the 262 bp of ITS1. Given that the published substitution rates are 8.34 Â 10 À9 -3.89 Â 10 À8 per site and year for ITS (Zhang et al., 2001; Weiss-Schneeweiss et al., 2007) it follows that the b and g families have separated 9-28 Myr ago. In contrast, dogroses are often believed to be considerably more recent, deriving from postglacial allopolyploidization events (Wissemann, 2006) . If so, the origin of the rDNA families must predate the Caninae divergence.
Absence of extensive interlocus rDNA homogenization Ribosomal RNA genes, as other tandemly arranged repeats, can evolve through the concerted evolution that keeps the arrays more homogenous than would be expected by chance. As a consequence, in many allopolyploid species, parental rDNA arrays have been homogenized toward one parental type, a process called interlocus homogenization. Most studies reveal extensive interlocus homogenization even in recently formed allopolyploid species (Franzke and Mummenhoff, 1999; Kovarik et al., 2005 and for review see Volkov et al., 2007) , although the presence of multiple rDNA families has been observed and reported previously (for example, Buckler et al., 1997; Harpke and Peterson, 2006; Keller et al., 2006) . Of the species analyzed, R. rubiginosa had the most homogenous spectrum of rDNA types involving two highly diverged ITS1 families (b and g). A low level of variation of microsatellite markers was also observed in R. rubiginosa, resulting in the proposal of a genomic composition AAA 1 BB 1 (Nybom et al., 2006) . In contrast, R. dumalis had clones from five different ITS1 families (a, b, b 0 , g and d). Similarly, there was a high microsatellite diversity in this species with a proposed genomic composition AABCD (Nybom et al., 2006) . The presence of section Caninae in species of multiple ITS families, and of their different distributions in pollen and leaf materials, indicates that the interlocus homogenization has not gone to completion/fixation. There are several explanations for this. First, intergenomic recombination leading to interlocus homogenization might be compromised in univalent-forming chromosomes, perhaps because the rDNA locus association at leptotene (Figure 6c ) is lost during the formation of bivalents preventing meiotic recombination. The nucleolar organizer regions (NORs) on univalent-forming chromosomes might be behaving like individual B-chromosomes of Crepis that apparently do not recombine with NORs on autosomes (Leach et al., 2005) . Secondly, rDNA units on univalent-forming chromosomes could be epigenetically modified and this might prevent homogenization (Dadejova et al., 2007) . Finally, if the polyploids are of recent origin, there may not have been sufficient time to allow for extensive interlocus homogenization.
ITS composition in bivalent-and univalent-forming chromosomes
The different ratios of individual ITS families in pollen and leaf tissues support the hypothesis that the same chromosome sets form univalents or bivalents at each meiosis. For example, in both R. canina accessions, the major a family of ITS sequences was underrepresented in pollen material, while the b family was overrepresented. Similarly, R. rubiginosa pollen had an overabundance of the b family. R. dumalis pollen completely lacked the unique species-specific d family, while both b and g families were present.
It is significant that the ubiquitously present b family appears to predominate in pollen irrespective of species. Probably NORs on bivalent-forming chromosomes are preferentially composed of these units. If so, the bivalentforming chromosomes may be more similar to each other when compared across species than the univalents. This is supported by our previous results showing that the microsatellite alleles in bivalent-forming genomes were shared between genotypes even from widely different taxa, whereas univalent-residing microsatellite alleles closely mirror the level of inter-and intraspecific relatedness (Nybom et al., 2006) . Similar observations were made in an older study demonstrating skewed transmission of RAPD markers during interspecies crosses (Werlemark and Nybom, 2001) . Given that the b family is likely to occur on bivalent-forming chromosomes (where it is transmitted to both pollen and egg cells) it is likely that all or some of the other families are located on univalent-forming chromosomes transmitted by egg cells only. The occurrence of non-b families in pollen material can be potentially explained by variable amounts of contaminating somatic tissue or immature diploid pollen present in pollen material. Thus, anthers are expected to contain both some sporophytic tissue (anther walls) and pollen cells. In dogroses, the only viable pollen cells contain seven bivalent-derived chromosomes, whereas other pollen cells (containing a variable number of univalents) shrivel up and become nonviable.
Intralocus homogenization influences rDNA arrays on univalent-and bivalent-forming chromosomes Recombination is proposed as a major mechanism for driving concerted evolution (Eickbush and Eickbush, 2007; Ganley and Kobayashi, 2007) . If recombination is driven by meiosis, it may be expected that arrays on bivalent-forming chromosomes will be different from those on univalents. However, comparison of multiple clones of each family failed to show substantial intrafamily heterogeneity for any family, irrespective of their predominant (or potentially absolute) location to univalents or bivalents. For example, in R. canina, calculated nucleotide diversity (Kimura, 1980) between all pairs of sequences was 0.006 ± 0.0007 and 0.007 ± 0.003 for a and b rDNA families, respectively. Similarly, the withinfamily variability was comparable for both major b and g rDNA families in R. rubiginosa (average divergence o0.01).
There can be several explanations for homogenization of rDNA within univalents in the apparent absence of meiotic recombination. Firstly, rare meiotic cycles involving 'univalent'-forming chromosomes could homogenize rDNA units over generations. Variation in ploidy level within some populations (Nybom et al., 2006 ) may suggest that rare pairing involving univalents actually does take place. Secondly, univalent chromosomes could be of recent origin and hence there might not have been enough time for the accumulation of mutations. Thirdly, concerted evolution may operate on rDNA arrays in the absence of meiotic recombination. In support of the latter hypothesis, transposons on nonrecombining Y chromosomes were shown to be equally homogeneous to those on autosomes in Melandrium (Kejnovsky et al., 2007) . In addition, rDNA units on nonrecombining B-chromosomes are relatively homogenous within arrays (intralocus homogenization) but do not show interlocus homogenization (Leach et al., 2005) . It would be informative to study epigenetic modification and expression patterns of NORs to see whether NORs on univalent-and bivalent-forming genomes are equally active.
